The use of polymer in cement slurry is necessary to retain viscosity at ambient temperature and thermal thickening properties with increasing temperature. Current polymers, polysaccharides and their derivatives are extensively studied. At high temperature these polymers do not yield thickening of viscosity, but exhibit loss of slurry and gas migration. Therefore, this study presents hydroxypropylmethylcellulose (HPMC) polymer as a viscosifying agent in cement slurry. The HPMC possesses a strong thermal thickening and solid suspension ability which means low viscosity at ambient temperature and viscosity increase with respect to temperature. Thus, a series of experiments was conducted on HPMC polymer as a viscosifying agent in cement slurry. Different concentrated solutions were prepared (i.e. 1.5 to 2.5 wt%), in order to characterize their viscosity with respect to shear rate and increasing temperature up to 100°C. Then, cement slurries were prepared with HPMC as the primary viscosifier, to determine the rheological properties at high temperatures. It was observed that HPMC polymer has increased viscosity from 90°C to 100°C. The improved rheology of cement slurry, in terms of plastic viscosity and yield point at different concentrations, revealed HPMC as a capable viscosifying agent at high temperature. Moreover, increased gel strength with increasing concentration was also observed, which may cause a higher pumping rate on the surface. It was concluded that HPMC polymer acts as a viscosifying agent at high temperature. HPMC-based slurries showed high rheology (plastic viscosity and yield point) with HPMC polymer. Thus, the use of this additional additive should be considered in the design of appropriate cement slurry.
INTRODUCTION
Cement has been used in drilling operations to restrict fluid movement between zones, protect casing from corrosion and closing abandoned portions of wells (Roshan & Asef, 2010) . Additives and polymers have been used in oil well cementing to improve the properties of cement slurry. Polysaccharides and their derivatives, including hydroxyethylcellulose (HEC), carboxymethyl hydroxyethylcellulose (CMHEC), guar, hydroxypropylguar, stach, xanthan, welan gum, scleroglucan, diutan and carrageenan polymers, are being used as viscosifying agents and multifunctional additives in cement slurry (Navarrete, Seheult, & Coffey, 2001 , Navarrete & Shah, 2001 . Cementing mid to high temperature wells poses a challenge for these types of polymer. Temperature increase at the bottom hole condition is usually observed with increasing well depth. Polysaccharides and their derivatives are unstable at high temperature. Polysaccharidesbased cement slurries steadily lose their viscosity and strength with increasing temperature, which creates the problems of fluid loss through the slurry, decrease in compressive strength, gas migration and ultimately causes the well to be abandoned. A high concentration of polymer is being used to maintain the viscosity of the cement slurry at elevated temperature. Increasing the concentration of polymers in cement slurry causes viscosification of the slurry at the surface condition, which then requires high pumping pressure (Reddy, Patil, & Patil, 2011) . Additional pumping pressure may cause serious problems of formation damage and loss of circulation. These types of polymer-based cement slurry create problems due to the high concentration of polymer. Therefore, it is necessary to use a type of polymer that can retain the viscosity of the cement slurry at ambient temperature and have thermal thickening properties with increasing temperature.
Polysaccharides polymers such as HEC have been synthesized and modified with organic carbonate to retain the viscosity of the polymer solution at ambient temperature and increase the viscosity at high temperature (Reddy, 2011) . The usage of chemicals in cement slurry affects the properties of other additives and increases the cost of the cementing operation. On other hand, hydroxypropylmethylcellulose (HPMC) is a cellulose-type polymer that acts as a self-active viscosifier at gelation temperature and is sustainable at high temperature. HPMC polymer, as a self-active viscosifier, has no need of any other chemical to increase the viscosity, which is the advantage of this polymer over other cellulose-type polymers. Previously, HPMC polymer was used in cement for construction to increase the strength and mechanical properties of the cement (Fu, 1996) . Recently, HPMC polymer used in EOR applications for profile modification was stable at 110°C and was used as a permeability reducing agent (He et al., 2012) . The present study demonstrates the ability of HPMC polymer as a viscosifying agent in cement slurry at high temperature. The properties of HPMC polymer in terms of viscosity and gel strength at different concentrations and temperatures have been determined. Further rheology of polymer-based cement slurry is also discussed in this paper.
THEORETICAL BACKGROUND OF HPMC POLYMER
HPMC is a water-soluble polymer derived from cellulose ether and behaves as a thickener, film former, water retention agent, suspension aid, surfactant and good (reasonable) gel strength agent at high temperature (Abbas et al., 2013) . These characteristics make it suitable for use in a wide range of applications and diverse industries, including food and pharmaceuticals, and in many types based on ether substitution, particle size, viscosity and other parameters. The formulated structure of HPMC with a degree of substitution of 1.5 is illustrated in Figure 1 . In civil engineering, HPMC has been used in cement for its multifunctional properties. As a result, articles about the effect of HPMC on cement have been published. Various properties such as compressive strength, heat of hydration, improved rheology of cement, and the thixotropic behavior of the HPMC were examined. (Ou, Ma, & Jian, 2012) .
METHODOLOGY Preparation of HPMC Polymer Solution
HPMC polymer is in the form of white fine powder. Commercial HPMC polymer was used for the experiments. Three different concentrations, 1.5, 2 and 2.5 wt% of HPMC polymer solution were prepared with distilled water to determine the properties of HPMC at different temperatures.
Gelation Temperature and Gel Strength Measurement
The gelation temperature and gel strength of polymer solutions were determined by using tube inversion (Takeuchi et al., 2003) and the breakthrough vacuum method. 15 ml of measured solution was injected into a tube and kept in a constant temperature bath for 15 to 20 minutes and then inverted to determine the gelation temperature. For gel strength, the tube of the breakthrough vacuum was inserted into the gel to obtain the gel strength value.
Viscosity of HPMC polymer
A high pressure high temperature viscometer (OFIT 1100 model) was used to determine the viscosity of the HPMC polymer at different temperatures. Using 42 ml (1.5 wt%, 2 wt%, 2.5 wt%) of each solution, the viscosity was determined by changing the shear rate between 1 and 1000 s -1 . To examine the viscosity of the HPMC solution at ambient temperature and high temperature, the viscosity of each sample was determined at various temperatures ranging from 30 to 100°C.
Preparation of Cement Slurry
The density of 16.5 pounds per gallon (ppg) was designed to evaluate the effect of the HPMC polymer on cement slurry at high temperature. Various cement slurries were prepared by changing the concentration of the HPMC polymer from 0.20 to 0.50 gallons per sack (gps) of each solution. The composition of the cement slurries contained Class G cement, HPMC polymer and water. The cement, water and solution of HPMC polymer were mixed at constant high speeds of 4000 rpm and 12,000 rpm according to API RP10-2B procedure (API Edition, 2009).
Rheology of Cement Slurry
The rheological properties of the cement slurries were determined by using the HPHT viscometer. The rheology of the cement slurries was performed in terms of plastic viscosity, yield point, gel strength at 10 second and gel strength at 10 minutes according to API RP10-2B procedure. The rheology of all the slurries was determined at 90°C.
RESULTS AND DISCUSSION
In this paper, the impact of HPMC polymer on oil well cement as a viscosifying agent was examined based on the viscosity of the polymer and the rheology of the HPMCbased cement slurry. The gelation temperature and gel strengths of 1.5, 2 and 2.5 wt% polymer solution were determined by using a breakthrough vacuum and tube inversion method. The gelation temperature and gel strength of all the solutions were greater than 80°C, as shown in Table 1 . It was observed that the gelation temperature of HPMC solution decreases with increasing concentration of polymer from 1.5 to 2.5 wt%, but at the same time the gel strength of the solution increased with increasing concentration. The gelation temperature of the solutions was greater than 80°C. The gelation temperature results show that above 80°C the solution of HPMC polymer will increase the viscosity. On the basis of the gelation temperature, the viscosity of the solutions was determined at various temperatures ranging from 30 to 100°C. The viscosity of 1.5 wt% solution at 30°C shows the maximum viscosity of the HPMC polymer. The viscosity profile at various temperatures (30 to 100°C) is shown in Figure 2 . The viscosity of the HPMC polymer was determined in terms of shear rate. Figure 2 shows the trend of viscosity at different shear rates and temperatures of 30°C, 70°C, 80°C, 90°C and 100°C. At 30°C the solution of polymer that contained 1.5 wt% of HPMC showed the maximum viscosity at 1 s -1 shear rate, and with increasing the shear rate from 1 to 1000 s -1 , the viscosity decreased from 1100 to 80.4 centipoise (cP). The HPMC polymer showed shear thinning behavior with increasing shear rate. The high shear rate disturbs the chemical bond structure of the HPMC polymer. The molecules of the HPMC polymer separate and decrease the viscosity of the solution. The HPMC polymer shows thinning behavior with increasing temperature. The viscosity of the HPMC polymer decreased with increasing temperature. The HPMC polymer showed reduced viscosity when increasing the temperature from 30 to 80°C, as shown in Figure 2 . The reduction in viscosity was due to the reduction in molecular weight and structure of the HPMC polymer. On the other hand, the viscosity of the solution increases at 90°C, as shown in Figure 2 . The viscosity of the HPMC polymer at 90°C is greater than the viscosity of the solution at 70 and 80°C. It is a property of HPMC polymer that above the gelation temperature it will increase viscosity. The viscosity of the solution increases from 465 to 537 cP at a low shear rate and 4.9 to 9.8 cP at a high shear rate. Further, at 100°C the viscosity of the solution is enhanced to 869.4 cP at 1 s -1 shear rate and 32.4 cP at 1000 s -1 shear rate. Increasing viscosity proves that at high temperatures greater than the gelation temperature the HPMC polymer acts as a viscosifying agent. This unique property of increasing the viscosity is only observed in HPMC polymer and not in other types of cellulose. Similarly, the same effect of increasing the viscosity was also observed in the 2 wt% concentration of HPMC polymer solution, as shown in Figure 3 . Figure 3 shows the same trend of viscosity increasing at temperatures from 30 to 100°C. But the viscosity of 2 wt% HPMC solutions is greater than 1.5 wt% polymer solutions at all shear rates. Here the increase in viscosity of the HPMC polymer was due to the increase in the molecular weight of the solution. Further, the effect of 2.5 wt% HPMC polymer is shown in Figure 4 . It was observed that the viscosity was increasing with increasing concentration. The high concentration of polymer increases the molecular weight of the solution and this increases the viscosity. Similar to the other solutions, the 2.5 wt% HPMC solution enhanced viscosity above a gelation temperature of 80°C. The concentration of HPMC polymer also affects the viscosity of the solutions. Comparison of all the HPMC solutions (Figures 2 to 4) shows that as the concentration of the polymer increases from 1.5 to 2 and 2.5 wt%, the viscosity of the polymer also increases at all temperatures. The increase in the viscosity of HPMC solution at gelation temperature is due to the hydrophobic interaction between the molecules of the methoxyl group. With increasing temperature, the HPMC solution loses the water of hydration, which becomes the cause of the reduction of viscosity. But at the gelation temperature, sufficient dehydration of polymer occurs to cause the polymer-to-polymer association and the solution begins to increase in viscosity (He et al., 2012) . The rheology of the HPMC-based cement slurry was determined for each solution at 90°C using the HPHT viscometer. The rheology of all the HPMC solutions in terms of plastic viscosity, yield point and gel strength is given in Table 2 .
The rheology of the cement slurries increases with increasing concentrations, 1.5 to 2 and 2.5 wt%, of HPMC solution. Slurries 1 to 8, which contain 1.5 and 2 wt% of solution and have different HPMC concentrations of 0.20 to 0.50 gps, show lower rheology than slurries 9 to 12, which contain 2.5 wt% of HPMC. All the cement slurries having 1.5 and 2 wt% show improved rheology compared with the 2.5 wt% because these slurries have lower plastic viscosity and yield points than the other slurries, as shown in Table 2 . On the other hand, the gel strength of the cement slurries is high, which could be a problem at the time of pumping at the surface condition. The gel strength and viscosity of the slurries increases with increased concentration, which was due to the water absorption on its methoxyl group (Roshan & Asef, 2010) . But the absorption of water and increase of viscosity keep the slurry stable at high temperature. To a limited extent, the 1.5 wt% HPMC solution improves the rheology at high temperature. But the gel strength of the cement slurry was high especially in the case of the 2.5 wt% solution of HPMC. The high gel strength of the cement slurry will become a serious problem at the time of pumping, requiring high pump pressure and becoming the cause of fracture and slurry loss when pumping (Sabins, Tinsley, & Sutton, 1982) . 
CONCLUSIONS i)
At increasing temperature from 30 to 80°C, HPMC polymer shows thermal thinning behavior but above a gelation temperature of 90°C the HPMC polymer increases the viscosity and so acts as a viscosifying agent and is then stable at high temperature. ii) At 1.5 and 2 wt% concentrations of HPMC, the cement slurries have improved rheology in terms of plastic viscosity and yield point. iii) A high gel strength of 2.5 wt% concentration of HPMC polymer in cement slurry requires high pumping pressure at the surface condition. Friction reduction additives should be used in 2.5 wt% based cement slurries to reduce the gel strength. iv) At high temperature, HPMC polymer shows thixotropic behavior that should be beneficial for controlling gas migration through the cement slurry. v) HPMC polymer can be used as a multifunctional additive in cement slurry to increase compressive strength and thickening time. In further study, fluid loss, compressive strength, thickening time and static gel strength of HPMC-based cement slurries will be examined at high temperature.
